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Introduction
Phosphorus plays an important role in the process of respiration (12, 13, 29) . It forms, in the presence of sugars, mono-and di-hexosephosphoric acid esters (8, 27) , which are then broken down in the respiratory process. Under certain conditions it may form with sucrose a sucrose phosphoric acid ester (19) . It is also known that plants starved for phosphorus differ considerably in their chemical composition from those not thus starved. MAC-GILLIVRAY (15) has pointed out that tomato plants starved for phosphorus show a decrease in coagulable nitrogen, and an increase in total nitrogen.
There is also a marked increase in percentage of sugar. KRAYBILL (10) also showed that when phosphate is limiting in tomato plants nitrates as well as carbohydrates accumulate. According to ECKERSON (5) the lack of phosphorus causes a breakdown of the reducase activity of the plant, which is then followed by an accumulation of nitrates, sugars, and starch, and results in an essentially nitrogen-starved plant. It is desirable then to know the relation between respiration and the chemical composition of plants de- ficient in phosphorus as compared with plants not deficient in phosphorus.
In view of these facts and because phosphorus very often becomes limiting in agricultural soils the present investigation was undertaken. All of the chemical data cited above were obtained with green plants and after phosphorus starvation had become rather severe. It was the desire of the writer to determine some of the early symptoms of phosphorus starvation as shown by internal composition, as well as to measure the respiration during this period, and to relate any differences in composition to respiration, if possible.
For these purposes large green plants are not suited; hence, etiolated seedlings with a considerable reserve of carbohydrates were used. Wheat was chosen as the most uniform plant at hand. Since LYON had obtained an increase in respiration owing to increased phosphate supply, the respiration behavior of wheat was reinvestigated, and, at the same time, the chemical changes caused by differences in phosphorus nutrition during early development were determined. It will be noted that the differences obtained in this work with different phosphorus treatments are small, as would be expected, since the seeds contain some phosphorus. The results, however, are in most cases consistent. 565 Marquis spring wheat was in the laboratory. In table I are shown the protein, starch, and phosphorus content of the seeds of these three varieties. (30) . The towers were standardized and used as described by MITCHELL (17) . The LiOH was 0.2 N strength. The respiratory flasks were 125-ml. Erlenmeyer flasks blackened on the outside to exclude light. The flasks containing the respiring seeds were placed, along with the absorption towers, in a constant temperature bath. The variation in temperature was ± 0.0010 C. Each respiration experiment was run in duplicate for 7 days. The procedure was as follows: One hundred seeds were sterilized in 0.25 per cent. uspulun for 20 minutes. The uspulun was then washed off with distilled water and the seeds were placed on moist cellucotton in the respiratory flasks. The cellucotton was moistened with the nutrient solution, either with or without phosphorus.
The flasks were then placed in the water bath and the CO2-free air stream turned on. One hour was allowed for the temperature adjustment. At the end of this 1-hour period the air stream was turned through the absorption towers and the CO2 absorbed for a 5-hour period, when the air was turned out of the absorption towers and the absorbed CO2 determined. At the beginning of the second 24-hour period the CO2 was again absorbed for a 5-hour period, so that at the end of 7 days the CO2 had been determined for 7 five-hour periods. (20) , and the reducing power of the resulting sugar determined as above for reducing sugar. No sucrose was found and starch was present only in the seed-remains.
FRACTIONATION
NITROGEN FRACTIONS.-Total soluble nitrogen in the extract was determined by the reduced iron method of PUCHER, LEAVENWORTH, and VICKERY (26) modified and adapted to the micro-Kjeldahl method described by PREGL (25) . One-ml. aliquots of the alcoholic extract were placed in the micro-Kjeldahl digestion flasks and 0.29 ml. of 1: 1 H2SO4 and 0.086 gm. reduced iron added to each. The flasks were then shaken for 10 minutes and boiled over a low flame for 5 minutes. The contents were cooled and 0.86 ml. of concentrated H2SO4 and a knife point of a mixture of K2SO4 and CuSO4 (1: 3) were added to each. The digestion and distillation was then completed as described by PREGL. PREGL'S method was also used for the determination of the insoluble nitrogen of the residue.
PHOSPHORUS FRACTIONS.-Soluble phosphorus was determined on 10-ml. aliquots of the alcoholic extract. The aliquot was evaporated almost to dryness, then digested, and phosphorus determined by the method described by COCKEFAR (1). The phosphorus in the residue was determined on 100-mg.
samples by the same method.
Data RESPIRATION OF GREENHOUSE-GROWN SEEDS
The data for this paper will be presented in two parts: first, those dealing with the respiration of the greenhouse-grown seeds; and second, those dealing with the respiration and chemical composition of the field-grown seeds. Table II shows the composition of the greenhouse-grown seeds. Table II shows that the phosphorus-deficient plants produced fewer and smaller seeds, and that these seeds were slightly higher in protein but lower in starch and phosphorus than those seed-s from the plants grown in a complete nutrient solution. Although the seeds from the phosphorus-deficient plants were much lower in phosphorus, yet they contained considerable of this element, this phosphorus having come from the original seed and from the one application of the phosphate-containing nutrient solution. In contrast with the data given in table II, GERICKE (6) obtained much more growth, earlier maturity, and greater fresh weight with wheat when grown in a nutrient solution lacking phosphate after the first 4 weeks of growth with phosphate. Figure 1 shows the condition of Marquis spring wheat at 28 days of age in sand culture with and without phosphorus. These -P plants did not receive phosphorus on the twenty-third day as did the ones from which the seeds were obtained. The plants shown died, in the case of the -P plants, a few days after the photograph was taken. higher soluble nitrogen content than the + P plants. Furthermore, the reducing sugar content is, in most cases, higher in the -P plants, and yet the respiration of the -P plants is less than the + P plants (figs. 4, 5, 6) . The difference in phosphorus content, especially soluble phosphorus, is very marked, as would be expected. In the plants lacking phosphorus in the nutrient solution there was only a trace of soluble phosphorus, while in the + P plants the soluble phosphorus was as high as 1.63 per cent. of the dry weight in one case.
Discussion
In the metabolism of plants phosphorus has several important functions (1). WOODWARD (32) , as long ago as 1699, recognized the importance of phosphorus in the formation of plant bodies. Phosphorus occurs in the plant both in an inorganic form and in an organic form. VON OHLEN (31) shows that in germination there is a continual change of the organic phosphorus of the seed to the inorganic form which moves to the growing points where it again changes to the organic form. It may occur organically bound as nucleic acid (14) , lecithin, cephalin, sphingomyelin (11) , hexosediphosphate (8) , hexosemonophosphate (27) , and sucrosephosphate (19) .
The present study concerns itself with the relation of phosphorus to protein and carbohydrate metabolism, and its relation to respiration.
RESPIRATION
That phosphorus is important in the process of respiration is shown by the work of HARDEN and YOUNG (8) on the fermentation of glucose by yeastjuice. These workers obtained large increases in the rate of fermentation and in the total amount of fermentation when they added a phosphate salt to the fermenting mixture of glucose and yeast-juice. The phosphorus forms with the glucose a hexosediphosphate which is then split up yielding an easily oxidized sugar and liberating the phosphorus. The phosphorus is then free to unite with more glucose. GOTTSCHALK (7), studying the action of a cozymase in connection with hexose phosphate, concludes that fermentation, caused by yeast, results in splitting off from glycogen small fractions of alpha, beta, or balanced glucose which is phosphorylated, perhaps by the aid of co-zymase. From this phosphorylated compound is liberated a readily decomposable form of sugar which is susceptible to seizure by destructive enzymes. Such enzymes occur in plants (16) pointed out above, however, form a more or less permanent union with phosphorus. This bound phosphorus is then not free to take part in the respiratory process. In Elodea canadensis and in wheat seedlings LYON (12) was able, by the application of phosphate, to obtain an increase in the production of carbon dioxide amounting to 55 per cent. for the former and 35 per cent. for the latter plant. This increase for wheat seedlings was much greater than was obtained in the present work. Here the increase was, in most cases, approximately 6 per cent. This increase bears a very direct relation to certain chemical constituents of the plant which will be discussed later. LYON gives no explanation as to the treatment of the wheat seedlings except to say that phosphate was supplied.
CHEMICAL COMPOSITION According to ECKERSON (4, 5) , anything that interferes with the reducase activity of a plant causes an interruption of the general metabolism of the plant. The plant becomes high in carbohydrates and has the general appearance of a nitrogen-starved plant (9) . Although there are plenty of nitrates present, they are not reduced owing to the low reducase content of the plant. Also plants deficient in sulphur (3, 22) , calcium (21) , or phosphorus (4, 5, 15) have the appearance of nitrogen-starved plants. In the absence of these elements the reducase content is low.
In the 7-day-old wheat seedlings, the plants in the complete nutrient solution as compared with those in the minus-phosphate solution were somewhat taller, had a slightly larger root system, and were somewhat more succulent. Table V shows that the differences between the phosphorusdeficient plants and those grown in a complete nutrient solution are very similiar to the differences obtained with the tomato by MACGILLIVRAY (15) . In all three varieties of both species studied there was, in most cases, an accumulation of reducing sugars in the tops and roots of the phosphorusdeficient plants. There was no sucrose or starch found in the tops or roots of the plants at any time. There was considerable reducing sugar and starch left in the seed-remains indicating that not all of the reserves were used. These carbohydrates in the seed-remains represent part of the original stored starch that was not moved out. From PLANT PHYSIOLOGY Phosphorus, then, seems to influence respiration in two ways: (1) directly, by its association with carbohydrates to form a suitable substrate for the respiratory enzymes, and (2) indirectly, as it limits the amount of protein synthesis, and thereby the rate of growth. Summary 1. Marquis spring wheat was grown to maturity in the greenhouse in a phosphorus-deficient nutrient solution. These plants yielded fewer and lighter seeds, which had a slightly higher protein content and a lower starch and phosphorus content than plants grown to maturity in a complete nutrient solution.
2. The respiration behavior of the above seeds was studied during germination on a nutrient solution lacking phosphorus and on a complete nutrient solution. The addition of phosphorus to the nutrient solution caused an increase in the production of carbon dioxide of about 10 per cent., in most cases, regardless of whether the seeds came from plants grown on the phosphorus-deficient nutrient solution or from plants grown on the complete nutrient solution.
3. Two species of wheat, including three varieties, were grown in nutrient solutions with or without phosphorus for a period of 7 days and the respiration measured during this period. At the end of the 7-day period other plants treated the same were analysed for reducing sugars, starch, soluble and insoluble nitrogen, and soluble and insoluble phosphorus. From this study the following conclusions are drawn:
a 
